Abstract-A highly integrated X-band receiver module is designed based on a 10-layered low temperature co-fired ceramic (LTCC) substrate. A compact X-band bandpass filter (BPF), an intermediate frequency (IF) band hybrid and an IF band BPF are proposed for the receiver module. The measured gain parameter of the proposed receiver is higher than 51 dB, and noise figure (NF) and image rejection are better than 2.5 dB and 37 dB, respectively. The overall size of the receiver module is only 54 mm × 15 mm × 1 mm. Comparisons and discussions are also provided.
INTRODUCTION
The use of X-band active phased arrays for military detecting applications is becoming more and more important and effective. Radars with active phased array antenna can flexibly detecting any objects by electronic beam steering. In an active phased array system, each antenna element is interconnected with a T/R module. So the effectiveness and compactness of the T/R module are main challenging goals to be met. Driven by the demands for small-size, lightweight and high performance military phased array devices, there is increasing interest in developing compact phased array T/R modules. Recent advances in integration technology and device performance have paved the way for higher integration of System on Chip (SoC) or System-in-Package (Sip). Low-temperature co-fired ceramic (LTCC)-based modules for phased array applications have been designed and implemented in [1] [2] [3] [4] [5] [6] . Bucci et al. solved the problem of optimal power-patern synthesis of circularly symmetric shaped beam in [7] .
In this paper, two BPFs and one hybrid are proposed and integrated into a LTCC receiver module, which down converts and amplifies X-band frequency signals to several dozens of megahertz intermediate frequency (IF) band. The overall size of the proposed receiver is only 54 mm × 15 mm × 1 mm.
CIRCUIT DESIGN

Requirements and Block Diagram
Our goal is to design an X-band receiver, which down-converts signals at the center frequency of 9 GHz to the IF band at a center frequency of 60 MHz. The receiver is required to have a gain higher than 50 dB, noise figure (NF) lower than 3 dB and an image rejection higher than 35 dB, respectively. Moreover, the width of the receiver must be about 15 mm, which is half-wavelength distance between adjacent receiver elements when forming phased arrays.
Since size reduction is the main challenge of this work, the first step is to choose an appropriate layout with a minimal number of circuit elements. The proposed diagram is shown in Figure 1 . The system is composed of two low noise amplifiers (LNAs), one X-band BPF, one image rejection mixer (IRM), one qudrature hybrid, one IF BPF and one IF amplifier. The LNA chips use HMC902; the IRM uses HMC520; the IF amplifier uses PW112.
The overall path can provide about 51 dB gain. 
X-Band BPF Design
Although the dual-mode BPFs with wide upper stopbands have been report in [8] [9] [10] , the I/O feed of those BPFs is orthogonal, which are inconvenient for interconnection. Figure 2 (a) shows the structure of the proposed wide upper stopband and nonorthogonal I/O feed dual-mode LTCC BPF. The center frequency of the proposed BPF is 9 GHz with a bandwidth of 1 GHz. To realize an enhanced capacitive coupling for a relative wide fractional bandwidth (FBW) of 11%, the square ring resonator is fed by 2-layer broadside parallel-coupled lines. The bottom side of the 2nd-layer is set as ground layer. The 2-layer structure can not only achieve high coupling capacitance, but also gain size reduction using vertical broadside coupled lines instead of planar edge coupled lines. The wide upper stopband is achieved by the stepped impedance microstrip lines near the I/O ports, shown in Figure 2 Figure 2(d) . The size of the proposed BPF is only 7 × 4 × 0.2 mm (without pads for GSG probes). More attentions should be paid to the roughness of top metal layer, which may result in a higher passband insertion loss because of higher resistive loss.
IF Band Hybrid Design
Moreover, lumped topologies of branch-line coupler in [10] suffered from a narrow fractional bandwidth (FBW) of only 1 ∼ 2%. Wideband lumped topology for branch-line coupler has been proposed in [11] , but it requires comparative high capacitance and inductance, which lead to large size of elements. As the center frequency of IF band is only 60 MHz with a bandwidth of 20 MHz, a wideband lumped-element quadrature hybrid is needed to combine two outputs of IRM. The proposed hybrid is designed in a 10-layered LTCC substrate. The circuit topology is shown in Figure 3 . Figure 4 shows the structure and performance of the proposed hybrid.
IF Band Filter Design IF Band BPF Design
BPF working at dozens of 60 MHz frequencies requires very large resonator capacitance and inductance. However, the maximum capacitance and inductance achieved in prior articles [12] [13] [14] [15] did not exceed 5 pF and 10 nH, respectively. It is impossible to make components at extremely low frequencies. Having larger capacitances and simultaneously reducing filter size is only possible by using vertically-interdigitalcapacitor (VIC). An IF band BPF is designed in a 10-layer LTCC substrate as well. Figure 5 shows the structure and performance of the proposed IF band BPF. The simulated results agree well with the measurements. The center frequency is 60 MHz and the bandwidth based on a return loss of 15 dB is 15 MHz. Two finite zeros are located at the prescribed locations. A higher measured passband insertion loss of 1.95 dB is noticeable which is attributed to the greater surface roughness of top metal layer with higher resistive loss. The size of the proposed BPF is only 10 × 10 × 1 mm (without pads for GSG probes), which is equivalent to 0.004 × 0.004 × 0.0004λ g , where λ g is the guided wavelength on a 1-mm thickness (10 layers) Ferro-A6 substrate at 60 MHz.
Overall Layout
As all passive components are designed, the next step is to interconnect all active and passive components according to the system diagram in Figure 1 . The complete receiver is also assembled in a 10-layer LTCC substrate. Each LTCC layer has a post-fired thickness of 0.1 mm in Ferro-A6 material with a dielectric constant of 5.9 and loss tangent of 0.002. Figures 6(a) and (b) show the planar view and 3D view of the proposed receiver, respectively. The input port is at the left side and output port at the right side. And the local oscillation (LO) port and DC feed ports are placed on the top side. Figures 7(a) and (b) show the fabricated LTCC board and receiver module after assembly, respectively. The size of the receiver module is only 54 mm × 15 mm × 1 mm. After chips mounting and cavity assembled on the LTCC board, the receiver module needs to be heated for 20 minutes at the temperature of 130 • C to guarantee that the paste adhesive works well, and interconnections between chips and microstrips need to be checked using microscope to avoid circuit short. The heating device and microscope are shown in Figure 8 .
RECEIVER MODULE MEASUREMENTS
Measurement setups use Agilent E8257D PSG, E4447 PSA and Agilent N8975A NFA, shown in Figure 6 . And measured results are summarized in Table 1 . As shown in Table 2 , the measured gain, noise figure (NF) and image rejection are better than 51, 2.5 and 37 dB in the working band, respectively. The measured results meet the requirements of the receiver. 
COMPARISONS AND DISCUSSIONS
Size and performance comparisons with other LTCC implementations are also performed. The proposed LTCC receiver has the smallest size, lowest noise figure and highest gain among [4] [5] [6] , shown in Table 2 .
CONCLUSION
Three passive microwave components are proposed and integrated into a 10-layer LTCC receiver module with high integration. The overall size of the receiver module is only 54 mm × 15 mm × 1 mm. The measured gain parameter of the proposed receiver is higher than 51 dB, and noise figure and image rejection are better than 2.5 dB and 37 dB in the working band, respectively. Comparisons and discussions are also carried out.
